Little is known of the in vivo structural changes of large arteries in uncomplicated hypertension. Therefore, we measured the intima-media thickness and lumen diameter of common carotid and femoral arteries by a computerized ultrasonographic technique in 25 normotensive and 25 never treated hypertensive men of similar age (from 25 to 72 years). The intraobserver variability of carotid and femoral wall thicknesses was 4.3% and 5.6%, respectively. Moreover, an in vitro study of 13 human arterial segments removed at autopsy demonstrated a strong correlation (r=.989, P<.001) between computerized ultrasonic and histological intima-media thickness measurements. Compared with control subjects, hypertensive patients had similar arterial diameters but higher carotid and femoral intima-media thicknesses (P<.001) as well as higher ratios of carotid and femoral intima-media thickness to lumen (/ > <.001, P<.01). The carotid thickness was correlated with age in control subjects (r=.48, P<.05) but not in hypertensive patients. The femoral thickness was correlated with age both in control subjects (r=.55, P<.01) and in hypertensive patients (r=.46, P<.05). Thus, carotid and femoral arterial walls of hypertensive patients were thickened. This thickening was not due to age, although aging also thickened both vessels in control subjects and the femoral artery only in hypertensive patients. Such a wall thickening associated with a normal diameter provides direct evidence of vascular growth and represents a new target to monitor noninvasively in vivo for large artery changes in human hypertension. 
Little is known of the in vivo structural changes of large arteries in uncomplicated hypertension. Therefore, we measured the intima-media thickness and lumen diameter of common carotid and femoral arteries by a computerized ultrasonographic technique in 25 normotensive and 25 never treated hypertensive men of similar age (from 25 to 72 years). The intraobserver variability of carotid and femoral wall thicknesses was 4.3% and 5.6%, respectively. Moreover, an in vitro study of 13 human arterial segments removed at autopsy demonstrated a strong correlation (r=.989, P<.001) between computerized ultrasonic and histological intima-media thickness measurements. Compared with control subjects, hypertensive patients had similar arterial diameters but higher carotid and femoral intima-media thicknesses (P<.001) as well as higher ratios of carotid and femoral intima-media thickness to lumen (/ > <.001, P<.01). The carotid thickness was correlated with age in control subjects (r=.48, P<.05) but not in hypertensive patients. The femoral thickness was correlated with age both in control subjects (r=.55, P<.01) and in hypertensive patients (r=.46, P<.05). Thus, carotid and femoral arterial walls of hypertensive patients were thickened. This thickening was not due to age, although aging also thickened both vessels in control subjects and the femoral artery only in hypertensive patients. Such a wall thickening associated with a normal diameter provides direct evidence of vascular growth and represents a new target to monitor noninvasively in vivo for large artery changes in human hypertension. high-pressure sections of blood vessels has been well documented in chronic hypertension both in experimental animals and in human subjects at autopsy. 16 This wall thickening is physiologically important because it can fundamentally alter resistance vessel behavior 1 as well as the compliance of large conduit arteries, 7 two key factors that participate in the biomechanical regulation of arterial circulation. 37 Nevertheless, such a vascular hypertrophy has remained difficult to evaluate directly in vivo in human hypertension because of technical limitations. Recently, the thickening of small arteries isolated from subcutaneous biopsy specimens with patients under local anesthesia was demonstrated in patients with untreated moderate to severe essential hypertension. 8 For large arteries, direct in vivo measurement has not yet been reported in hypertensive patients. Because high-resolution B-mode ultrasonography currently allows for direct noninvasive measurement of large artery wall thickness, 9 
"
12 we coupled the technique with an original automatic comput-er-assisted image analysis to investigate the common carotid and femoral arteries of men with sustained essential hypertension never treated with any antihypertensive drug. The data were compared with those of normotensive men of similar age.
Methods
Twenty-five control normotensive men (29 to 72 years) with a supine diastolic blood pressure less than 90 mm Hg (KorotkofF phase V) and 25 ambulatory male patients (25 to 68 years) with sustained hypertension defined as a supine diastolic blood pressure more than 95 mm Hg on an average of three outpatient visits entered the study (Table 1) . Control subjects and patients were selected at their worksites by a group of occupational health physicians (PCVMETRA Group) conducting a cardiovascular risk factor screening program for employees of several companies within the Paris area. 13 All patients had essential hypertension documented by appropriate laboratory tests, and none had ever taken any antihypertensive treatment. Hypertension was uncomplicated in all patients, and none had neurological, cardiac, or renal involvement or arteriopathy of the legs. All study subjects underwent an evaluation of traditional cardiovascular risk factors 13 -14 ( Table 1) . Body mass index (weight per height squared) was used to measure excess of weight. Blood lipids including total and high-density lipoprotein cholesterol and triglyceride levels were measured by classic enzymatic methods after subjects had fasted for 14 hours. mmol/L, triglyceride levels greater than 2 mmol/L, or both, were excluded to make the study groups as homogeneous as possible on a main risk factor and to avoid possible interactions between hypertension and marked lipid abnormalities on atherosclerotic process in the analysis. 14 Blood glucose level was measured after an overnight fast, and subjects with diabetes mellitus were excluded for the above reason. 14 Smoking was defined by the following criteria, carefully assessed by questioning the subjects 1314 : (1) A current daily smoker was defined as someone who had regularly smoked at least five cigarettes per day for the previous 3 months. Subjects who smoked fewer than five cigarettes per day were not included in the study. (2) Lifelong smoking dose was calculated by multiplying the mean number of cigarettes smoked daily by the number of years of smoking and was expressed in pack-years (ie, smoking of one pack each day during a year). Control subjects and patients were matched to total cholesterol level and smoking habits to avoid possible influences of these two major risk factors on the comparison between normotensive and hypertensive subjects (Table 1) . After giving informed consent, subjects were referred to the vascular laboratory for noninvasive arterial investigations.
Arterial Measurements
Studies were performed with a real-time, B-mode ultrasound imager (Ultramark 4, Advanced Technologies Laboratories, Les Ulis, France). The right common carotid artery 3 cm proximal to the bifurcation and the right common femoral artery 3 cm proximal to the bifurcation were examined with a 7.5-MHz probe. Scanning of the carotid artery was performed in the anteroposterior projection, with the patient lying on his back with the head in axis. Scanning of the femoral artery was also performed in the anteroposterior projection, with the patient lying on his back with the lower limb in slight external rotation. The same physician made all measurements throughout the study. The ultrasonic image of the vessel was projected in real time on a television monitor. During the scanning, the sonographic physician tried to adjust the sound beam perpendicularly to the arterial surface of the far wall of the vessel to obtain two parallel echogenic lines corresponding to the lumen-intima and media-adventitia interfaces. These two lines defined the intima-media complex (IMC). 911 If a plaque, defined as a focal echogenic structure encroaching into the lumen vessel, 1314 was present in the arterial segment of measure, the subject was excluded from the study, because such an echogenic encroachment on the vascular lumen disrupts the double line arterial pattern. Once the two parallel echogenic lines of the far wall were clearly visible on the television monitor along at least 1 cm of the segment of measure, the "frozen" end-diastolic (electrocardiographic R-triggering) image was transferred on a computer (Apple Macintosh, Cupertino, Calif). After digitalization into 640x580 peak cells with 256 gray levels, this image was stored in a memory mass system and analyzed off-line. The total procedure time for investigating the two arterial sites exclusive of the off-line analysis averaged 15 minutes per subject.
Analysis of Intima-Media Complex Thickness and Arterial Diameter
An appropriate program (Iotec system, 16 Data Processing Co, Paris, France) performed off-line image treatment without the investigator knowing the blood pressure status of the subject. The program was based on the analysis of gray level density and on specific tissular recognition algorithms. 15 The image was transferred from the storage memory mass system to the television monitor of the computer and represented a 3.63-fold magnification of the anatomic structure examined. The observer chose a field of measure that included the IMC and automatically drew a rectangle at least 1 cm long in the longitudinal axis of the vessel and at least 0.3 cm high in the direction perpendicular to the wall (Fig 1) . The computer located the two interfaces (lumen-intima and media-adventitia) by discriminating changes in gray levels inside the sample area and drew the two parallel lines, visualizing these interfaces on the computer monitor (Fig 1) . The average thickness of the IMC obtained along the length of the sample area represented the mean value of at least 100 successive local measures. The IMC thickness was measured every 10 fim along 1 cm of the length of artery. The internal lumen diameter of the artery was averaged along the same distance as the IMC, between the near and far lumen-intima interfaces (Fig 1) . The IMC-to-lumen ratio was calculated as the ratio between IMC thickness and lumen diameter and was expressed as a percentage of the diameter. The tension per unit wall layer was calculated according to Laplace's law as the ratio between diastolic blood pressure and twice the IMC-tolumen ratio. 1 The total procedure time for computerassisted measurement of IMC thickness and diameter was less than 1 minute per vessel.
Histological Validation of Computerized Intima-Media Complex Measurements
To provide histological validation of our computerized ultrasonographic IMC measurement, we performed an additional experimental study of 13 arterial segments on two human arterial specimens (one carotid 
. Computer-assisted off-line analysis ofB-mode imaging of common carotid artery (top panel) and common femoral artery (bottom panel). White rectangle on far arterial wall indicates the field of automatic measure of intima-media complex thickness. Blue and red parallel lines drawn by the computer inside the rectangle visualize the lumen-intima and media-adventitia interfaces. Blue line drawn by the computer on the near arterial wall visualizes the near lumen-intima interface.
artery and one brachial artery) removed at autopsy. The specimens were fixed with a 10% Formalin solution before ultrasonic and histological IMC measurements. The 13 arterial segments to be studied (7 on the carotid and 6 on the brachial artery specimens) were determined with metallic pins. The ultrasonic examination of these 13 arterial segments was performed first, while the arterial specimens were placed in a box with water at room temperature. The same B-mode echographic apparatus as in the clinical study was used, and the longitudinal intimal surface of the far wall of each segment to be examined was exposed to the incident incoming pulse after optimal positioning of the probe was obtained. Once the double line arterial pattern defining the IMC could be individualized, the image was digitized, stored in the computer, and analyzed off-line by the computerized image-analysis system described above. Histological measurements were performed on all arterial segments submitted to ultrasonic examination. Each arterial segment was cut transversely and embedded in paraffin. Three nonadjacent 5-/Ltm sections were cut from each segment, and the slices were stained by orcein. Computer-assisted morphometry 16 was done using an analyzer with 256 gray levels and a 512x512-pixel grid connected to a microcomputer (NS model 1500, Microvision Nachet, Evry, France). This provided automatic calculation of the intima+media thickness of the wall submitted to previous ultrasonic investigation. The IMC thickness of the 13 arterial segments measured by ultrasonography was 0.65 ±0.22 
Reproducibility of Measurements
To assess the reliability of arterial measurements, we invited 11 randomly selected participants to a repeated ultrasonographic assessment by the same physician 6 hours after the original assessment. During the first examination, an anatomic mask of the artery examined and of its surrounding structure was automatically generated by the computer software and stored in the memory mass system. This mask allowed the sonographic physician to adjust the probe in the same position at the second examination as at the first. Using this procedure, we found that the reproducibility of measures defined by the variation coefficient between the two repeated examinations was on average 4.3±3.5% and 5.6±3.8% for the carotid and femoral IMC thicknesses and 3.0±2.6% and 3.6±2.7% for the carotid and femoral diameters, respectively (Table 2) .
Statistical Analysis
Group data are expressed as mean±SD. Comparisons of parameters between normotensive and hypertensive groups were made by the Student's t test. Differences were considered significant at a value of P<.05. Correlations were performed by least-squares regression.
Results
Compared with control subjects, hypertensive patients had a higher IMC thickness at both the carotid site (P<.001) and femoral site (P<.001) ( Table 3) . Nineteen of the 25 hypertensive patients had a carotid IMC thickness above the upper limit of the control group, defined by the mean control value of carotid thickness+1 SD (Fig 2) . Twelve hypertensive patients had a femoral IMC thickness above the upper limit of the control group (Fig 2) . No significant differences in carotid and femoral lumen diameters existed between the groups (Table 3 ). In contrast, hypertensive patients had a higher IMC-tolumen ratio than control subjects at both the carotid site (P<.001) and femoral site (P<.01) ( Table 3 ). In addition, the tangential tension was higher in hypertensive patients than in control subjects at the carotid site (P<.05) but was not different at the femoral site (Table 3) . Table 4 shows the correlations existing in the normotensive and hypertensive groups between IMC thickness of the carotid and femoral arteries and cardiovascular risk factors. Age was significantly correlated to carotid IMC thickness in the normotensive group (P<.05) but not in the hypertensive group. Age was significantly correlated to femoral IMC thickness in the normotensive (P<.01) and in the hypertensive (P<.05) groups. Among the other variables, only diastolic blood pressure was correlated to carotid IMC thickness in the 17 In the present work, we used a noninvasive ultrasonographic computer-assisted technique for quantifying wall thickness and for assessing its modification in sustained essential hypertension. We investigated the carotid and femoral arteries, which are both highly exposed to atherosclerosis but might have some difference in their reactivity to cardiovascular risk factors. 13 ' 14 The thickness of the arterial wall is a parameter particularly important to measure in hypertension, in which vascular hypertrophy can be considered to be the hallmark. 17 The IMC thickness of the far wall of the common carotid artery can be measured very accurately when ultrasonic measurements are compared with histological measurements. 10 The same accuracy of measurement can be extrapolated to the far wall of the common femoral artery, which presents measurement conditions similar to those of the common carotid artery. Nevertheless, the accuracy of IMC measurements required the same careful procedure for both vessels. At first, we performed our experiments on the far wall only, because with the ultrasonographic apparatus used in this study the far wall could be more constantly and repeatably visualized than the near wall even if reliable measurements of the near wall could be sometimes obtained. The reason was due to the different order in which the interfaces of the intima-lumen and media-adventitia are exposed to the incoming ultrasound beam, which generates different B-mode images of the near and far walls. 10 Furthermore, it was rarely possible to obtain double line arterial patterns of both the near and far walls simultaneously. Indeed, a scanning plane perpendicular to both walls is required to obtain an image, and this is difficult because of pulsatile arterial movements. 10 Secondly, we measured the IMC thickness of subjects without atherosclerotic plaque at the site of measure because the plaque encroachment on arterial lumen disrupts the double line arterial pattern. Nevertheless, because our measurements were performed very locally in the same arterial segment (3 cm proximal to the carotid and femoral bifurcation) in all the study subjects, we did not deal with the wall IMC thickness in other arterial segments. Lastly, we used a special off-line computerassisted image-analysis system to minimize observer bias. This procedure allowed excellent reproducibility for both IMC thickness and lumen diameter at the two arterial sites examined. Additional reasons explained our high reproducibility rate. The sonographer was the same physician and was especially trained in vascular investigation. Moreover, a large number of IMC thickness and lumen diameter measures were performed by the computer every 10 /j,m along at least 1 cm of vessel, and the real value of thickness and diameter was calculated as the average of 100 measures. Furthermore, the use of an anatomic mask of the artery and of its surrounding structures in the memory system of the computer allowed for the adjustment of the probe in the same position at different examinations. Although the methodology of IMC measurement by ultrasonography has been previously validated histologically, 10 we have tested the validity of our original computerized imageanalysis technique by performing a series of in vitro measures on several segments of human arterial specimens and comparing ultrasonographic and histological measurements. 16 As already reported, 10 a constant difference existed between ultrasonic IMC thickness and that measured by histology because of artifacts introduced during tissue processing for histological evaluation. 10 Nevertheless, the highly significant linear relation between the two methods indicates that the computerized ultrasonic technique could be used to estimate the IMC thickness of peripheral conduit artery walls.
FiG 2. Scatterplot shows distribution of intima-media complex (IMC) thickness of common carotid and femoral arteries in normotensive control subjects (•) and hypertensive patients (o)
Our data demonstrate that sustained high blood pressure, in the absence of any preceding antihypertensive medication, was associated with an in vivo increase in the IMC thickness of the far wall of the two large arteries examined. Nevertheless, the IMC values show noticeably more scatter in the femoral than in the carotid arteries in both the control and hypertensive groups. This may be a function of deeper vessels with lesser resolution of the IMC image. However, the possibility of poorer resolution of the femoral wall is not supported by the observation of stronger correlations of age with the femoral IMC compared with carotid arteries. It is also possible that the larger variance of femoral IMC measurements may express a more heterogeneous sensitivity of the femoral wall to hypertension. This hypothesis agrees with the difference of sensitivity to atherogenesis and risk factors previously suggested between carotid and femoral sites. 13 - 14 The IMC thickening found in our hypertensive patients is in accordance with previous observations in animals and in humans at autopsy, showing that large arteries of hypertensive patients were thicker than normal vessels. 4 -1819 These observations also indicated that this arterial thickening could be mainly due to a medial hypertrophy, although an adaptive intimal thickening has been described in response to the elevation of blood pressure. 22 Unfortunately, our current ultrasonic B-mode imaging, even with the assistance of our computerized imageanalysis system, did not allow us to discriminate the part of the media from that of the intima in the IMC thickening process.
11 - 13 The lack of pathological evaluation of arteries of the subjects also did not allow us to correlate the IMC thickness with any histological pattern. Among the mechanisms that could explain such a vascular hypertrophy, pressure elevation certainly has a mechanical influence but does not seem sufficient to produce hypertrophy. Indeed, 24% and 52% of hypertensive patients had a carotid and femoral thickness, respectively, within the confidence limits of the control group because of the large variance of the IMC measurements in the hypertensive group. This IMC scatter could have some clinical usefulness by allowing one to separate patients with vascular hypertrophy from those without and so to better individualize the arterial status within the hypertensive population. Furthermore, the little evidence of correlation between IMC thickness and blood pressure within the hypertensive group as well as the control group constitutes an additional argument that the increased IMC thickness in the hypertensive patients may not just be a response to the increased pressure. In this respect, it is interesting to observe the lack of correlation between IMC thickness and pulse pressure. This does not confirm, at least in conduit arteries, the hypothesis currently debated that pulse pressure correlates with vascular structure better than systolic, diastolic, or mean blood pressure. 23 Another mechanical cause of hypertrophy could be a reduction in wall shear stress, which was experimentally demonstrated to be closely linked with intimal thickening 24 - 25 and was clinically observed in the brachial artery of hypertensive patients compared with normotensive control subjects. 26 However, there is no evidence that shear stress was reduced in the present study, because lumen diameter was normal in femoral and carotid arteries. Finally, the influence of growth factors on intimal or medial thickening or both remains an important mechanism that could explain the increased IMC thickness of hypertensive patients. 27 High blood pressure was not the only cardiovascular risk factor capable of altering the arterial wall thickness. In accordance with previous reports, 11 -28 we found that in the normotensive control subjects, age was positively related to the IMC thickness of the two vessels examined. This relation did not exist at the carotid site in hypertensive patients, indicating that the elevation of blood pressure probably outweighed the effect of aging on the carotid wall. In contrast, the femoral thickness remained correlated to age in hypertensive patients, suggesting an important sensitivity of this vessel to the aging process. 13 We did not find that other risk factors such as weight, lipid levels, and smoking affected the wall thickness of the two vessels examined. The lack of influence of lipids, in either the normotensive or hypertensive group, was surprising with respect to a previous observation of an increased carotid wall thickness in hypercholesterolemic subjects compared with normocholesterolemic control subjects. 11 However, contrary to the patients investigated in this previous study, our subjects in the present study had cholesterol levels somewhat higher than normal. Furthermore, the present work minimized a possible influence of cholesterol on wall thickness by comparing the normotensive and hypertensive groups at a similar level of blood cholesterol. The lack of influence of smoking on wall thickness in any group at any site was also noticeable with respect to previous reports showing associations between large artery atherosclerosis and smoking habits. a plaque whose presence was by definition excluded from our work.
Contrary to the IMC thickness, the lumen diameter was not different between control subjects and hypertensive patients at the two sites examined. We have already reported that hypertension did not affect the carotid artery diameter in the same way as the brachial artery diameter. 30 - 31 As previously discussed, 30 the lack of carotid and femoral dilatation in hypertensive patients in spite of the elevation in their distending blood pressure was in favor of a reduced arterial distensibility or of higher vasomotor tone. This decreased distensibility could be due in part to arterial wall thickening, which is a well-known determinant of arterial stiffness. 7 The fact that the lumen diameters are not different between control subjects and hypertensive patients also suggests the possibility of an enlargement of the carotid and femoral arteries. The arteries must indeed be larger in hypertensive patients because the lumen diameters are equal but the IMC thickness is greater than in control subjects. Such a phenomenon provides direct evidence that essential hypertension is associated with large artery growth. 32 This is in contrast to observations from smaller arteries that have suggested that hypertension is not associated with growth but with a rearrangement of material. 33 The larger conduit arteries in hypertension also evoke the compensatory enlargement of large arteries, which has been emphasized in patients with atherosclerosis. 34 ' 35 The mechanisms by which IMC thickening and lumen diameter could be mutually adjusted in hypertension are likely to be complex and remain to be identified. 34 In addition, because carotid and femoral lumen diameters were unchanged in hypertension, the IMC-to-lumen ratio of these vessels was found to be greater in hypertensive patients than in control subjects. Such an increase in the IMC-to-lumen ratio could contribute to keeping the tension per unit wall layer of artery relatively unchanged in hypertension. 1 The calculation of the tangential tension showed that it was effectively not different between hypertensive and control groups at the femoral site but was higher in hypertensive patients at the carotid site. This latter observation is difficult to explain on the basis of the present data, but it could participate in the abnormal baroreceptor reflex sensitivity described in human hypertension. 36 In conclusion, the large artery wall IMC thickening of hypertensive patients constitutes an in vivo diffuse structural change, which affects the vessels of the upper part as well as those of the lower part of the body. As a normal diameter and a thicker IMC presumably give a greater IMC cross-sectional area, our findings provide direct evidence that essential hypertension is associated with vascular growth, at least in conduit arteries. However, further investigations will be needed to analyze more precisely the physiopathological mechanisms of this vascular growth and to examine whether it may be reversible during antihypertensive treatment, as well as whether such a reversibility may have implications for the benefits to be gained from blood pressure reduction on the progression of cardiovascular disease. 37 
